Thirty female turkeys, inoculated into the caudal thoracic air sacs with Pasteurella multocida, were examined from 0 to 6 hours post-inoculation (PI). The air sac reacted rapidly and intensely with exudation of heterophils. Circulating leukocyte and thrombocyte numbers remained normal except for an absolute lymphopenia by 6 hours PI. P. multocida was initially isolated from blood at 3 hours PI. Total cell counts increased markedly in air sac lavage fluids by 1.5 hours PI and continued to increase until 6 hours PI. Heterophils predominated in lavage fluids (> 94%), with macrophages comprising the remaining cells. Microscopically, occasional heterophils were present within air sac blood vessels and perivascularly by 0.5 hour PI. They became more numerous by 1.5 and 3 hours PI when transepithelial migration into the air sac lumen was seen. By 6 hours PI, there was diffuse, severe swelling of air sac epithelium and mesothelium, and bacteria were located in air sac interstitium. Ultrastructurally, endothelial and air sac epithelial cells were swollen and vacuolated. Interdigitating processes of air sac epithelial cells were separated. These results indicate that air sacs can be the portal of entry for P. multocida into the systemic circulation, probably via damaged air sac epithelium.
Airsacculitis, caused by a variety of infectious agents, is common in avian species8 In the turkey, morphologic changes have been described for experimental air sac inflammation using Mycoplasma spp.,'J 1~17,20,32 M. synoviae membranes,21 and Escherichia coli. 1 3 s L 7 Morphologic and cytologic changes during the initial stages (0 to 6 hours) of lesion development apparently are undescribed. H i s t o l o g i~~,~J~ and ultrastructural studies4 show that normal air sacs consist of three layers: 1) an inner epithelial cell layer, composed primarily of a flattened epithelium with interspersed islands of ciliated epithelial cells;8 2) a connective tissue layer, composed primarily of elastic and collagen fibers with few blood vessels; and 3) an outer mesothelial cell layer. These features make the air sac an ideal organ to study acute inflammatory reactions in avian species.
Pasteurella multocida is a highly invasive bacterium which causes fowl cholera in turkeys, chickens, and numerous other avian species. 22 Death often results from septicemia, but, in birds which survive, chronic disseminated pasteurellosis (i.e., local involvement of joints, sinuses, foot pads, sternal bursae, oviduct, meninges, middle ear, cranial bones, and other tissues) can occur. Pneumonia and airsacculitis are common findings in turkeys with fowl cholera; however, morphological descriptions of P. multocida-induced, acute experimental pneumonia and airsacculitis in the turkey are lacking. Observations on blood, air sac lavage fluids, and microscopic and ultrastructural air sac lesions during the 6 hours after intraairsac inoculation with P. multocida are reported.
Materials and Methods
Sixty 9to 10-week-old commercial, female Nicholas turkeys (Tarheel Hatchery, Raeford, NC) were obtained at 1 day of age. They were raised in isolation facilities at the College of Veterinary Medicine in Petersime brooder units until 3 weeks of age and then transferred to floor pens on litter. All turkeys were fed Game Bird Starter (Wayne Feeds, Creedmoor, NC) and given water ad libitum. During brooding, poults received continuous lighting, which was changed to 12 hours of light when they were placed into floor pens. Turkeys were free of circulating antibodies against Pasteurella multocida, as determined by enzyme-linked immunosorbent assay (IDEXX Corp., Portland, ME), and Mycoplasma meleagridis, M. gallisepticum, and M. synoviae as determined by rapid serum plate and hemagglutination inhibition tests. 33 Thirty control turkeys were injected directly into each caudal thoracic air sac with 0.5 ml/kg brain-heart-infusion broth (BHI). Thirty experimental turkeys were inoculated similarly with 0.5 ml/kg/air sac of a 2-hour BHI culture containing 3.3 x lo* colony-forming unitdm1 of P. multocida (CholoralTM, Clemson University strain, Kee Vet Laboratories, Anniston, AL) as determined by standard plate counts. Six randomly selected turkeys from each group were repeatedly bled from the brachial vein at 0,0.5, 1.5, 3, and 6 hours post-inoculation (PI). Total and differential leukocyte counts, thrombocyte counts, plasma proteins, and packed cell volumes were determined on each blood sample as previously described.6 To determine when invasion of the systemic circulation by P. multocida occurred, aerobic blood cultures were done on each blood sample by placing a drop of blood on a blood agar plate and checking for growth of P. multocida after 24 hours of incubation at 37 C. lavage cells were determined with a hemacytometer, and differential counts were made on cyto-centrifuge (Cytospin 2, Shandon Southern Instruments, Inc., Sewickley, PA) preparations which were air-dried and stained with Wright's stain. Following air sac lavage of the left caudal thoracic air sac in all turkeys, the trachea was cannulated, the entire lower respiratory tract was infused with McDowell-Trump's h ative,I6 and the right caudal thoracic air sac was allowed to fix for 15 to 60 minutes in situ. For light microscopy, the central portion of the fixed air sac was collected between two clamped aluminum rings,29 placed in additional fixative, dehydrated in a graded series of ethanol, and embedded in glycol metha~rylate.~ Sections (2 pm) were cut perpendicular to the air sac wall with glass knives and stained with hematoxylin and eosin. Additional portions of the air sac were collected and processed for transmission electron microscopy. After rinsing in a series of buffers and dehydrating in an ethanolic series, tissues were placed in a mixture of SpurrZ4 resin and acetone (1 : l), followed by embedding and polymerizing in 100% resin. Thin sections (70-90 nm) were cut with a diamond knife, stained with alcoholic uranyl acetate followed by lead citrate, and examined with a Philips 410LS electron microscope. For air sac lavage and morphological studies, six turkeys from each group were killed at 0, 0.5, 1.5, 3, and 6 hours PI. At necropsy, the abdominal cavity of each bird was opened, and air sacs, lungs, liver, and spleen were examined. The trachea was isolated and clamped with a hemostat. Using a 60-ml, plastic, disposable syringe and an 18-gauge needle, 50 ml of phosphate-buffered saline (PBS) was injected directly into the left caudal thoracic air sac. An additional 60ml syringe and needle were used to withdraw the lavage fluid from the air sac. Volume of recovered lavage fluid was recorded, and the washings were centrifuged, resuspended in PBS, and sampled for total and differential cell counts. Total
Results

Light and transmission electron microscopy
Air sacs from noninoculated turkeys from both groups (0 hours) were normal by light ( Fig. 1) and electron microscopy (Fig. 2) . In brain-heart-infusion broth (BH1)-inoculated turkeys, occasional heterophils were present intraand perivascularly by 1.5 hours post-inoculation (PI) with a mild increase in numbers up to 6 hours PI. Mild vacuolization and swelling of air sac epithelium, which did not progress in severity, was present at 1.5, 3, and 6 hours PI (Fig. 3) .
In Pasteurella rnultocida -inoculated turkeys, occasional heterophils were present within blood vessels and perivascularly at 0.5 hour PI. By 1.5 and 3 hours PI, perivascular heterophils were more numerous ( Fig.   4 ) with occasional macrophages and erythrocytes in the interstitium. Transepithelial migration of heterophils into the air sac lumen was occurring, predominantly in areas covered by cuboidal and columnar epithelium ( Fig. 4 ). Ultrastructural changes at 1.5 and 3 hours PI included swelling of air sac epithelial cells with mild to moderate vacuolization of epithelium and increased space between the interdigitating epithelial cell processes (Fig. 5 ). Endothelial cells were also moderately swollen and vacuolated. At 6 hours PI there was severe swelling of both air sac epithelial and mesothelial cells (Fig. 6 ), and occasional necrotic cells with pyknotic or karyorrhectic nuclei and cytoplasmic acidophilia were present. The interstitial space was widened by proteinaceous fluid. Bacteria, fibrin, and normal, degenerating, and necrotic heterophils were adherent to the air sac luminal surface (Fig. 7 ). Bacteria were also seen within the air sac interstitium. Ultrastructural changes at 6 hours PI were similar to those at 3 hours PI, only more severe. Bacteria, fibrin, and numerous heterophils, some of which were undergoing degeneration (as evidenced by their severely vacuolated cytoplasm, swollen mitochondria with lysis of cristae, partially degranulated cytoplasmic granules, swelling of perinuclear cisternae, and margination of nuclear chromatin), were in close association with each other (Fig. 8 ). Phagocytosis of bacteria by heterophils was not seen (Fig. 8) . Extensive transepithelial migration of heterophils was present ( Fig. 9 ).
Air sac lavage
Average recovery of lavage fluid from the caudal thoracic air sac was 84.6% (42.3 k 6.4 ml) of the 50 ml injected. Total cells from air sac washes of the left caudal thoracic air sac of control turkeys increased slightly to a maximum of 1.99 k 1.93 x lo5 cells/ turkey by 6 hours PI (Fig. 10 ). Adequate numbers of cells were not obtained from control turkeys for dif- ferential counts until 6 hours PI, at which time they consisted of 94.0 f 5.5% heterophils with the remainder macrophages.
In contrast, total cell numbers had increased significantly in lavages from P. multocida-inoculated turkeys by 1.5 hours PI and continued to increase throughout the experiment (Fig. lo) , to a maximum cell count/turkey of 4.65 f 2.52 x lo7. Average heterophil percentages in air sac lavages were 97.2 f 1.2, 94.7 f 3.4, and 96.0 k 3.2 in the 1.5-, 3-, and 6-hour PI groups, respectively, with the remaining cells being macrophages. Intracellular bacteria were present only in macrophages and not in heterophils.
Hematology
Hematological findings of control and P. multocidainoculated turkeys are presented (Table 1 ). In control (BHI-inoculated) turkeys, heteropenia developed by 1.5 hours PI followed by heterophilia at 6 hours PI. A drop in packed cell volume was noted at 0.5 hour PI, which returned to normal by 1.5 hours PI and remained there throughout the remainder of the experiment. No other hematological changes were identified in control birds.
In P. multocida-inoculated turkeys, there was a progressive decline in lymphocytes until an absolute lym- phopenia was present at 6 hours PI. Thrombocyte numbers also declined in these birds; however, absolute thrombocytopenia was not seen. Heterophil numbers increased by 1.5 hours PI and remained elevated throughout the remainder of the experiment; however, as a group, absolute heterophilia was not seen. Numbers of eosinophils and basophils were so low that analysis was not possible (data not presented). Blood cultures yielded P. multocida in two of six turkeys at 3 hours PI and four of six turkeys at 6 hours PI.
Discussion
Inoculation of Pasteurella multocida into the turkey air sac resulted in a marked infiltration and exudation of heterophils. This extensive and rapid heterophilic response may have been due to a chemotactic factor@) produced by the organism. The finding that necrosis of epithelial cells did not occur until after there had been significant heterophil infiltration further suggests that the bacterium, either directly or indirectly through a toxin(s), and not products of cell necrosis, was primarily responsible for the initial heterophil chemotaxis. Endothelial cell swelling and vacuolization, increasing space between interdigitating epithelial cell processes, and endothelial cell swelling and vacuolization identified on light and electron microscopy are interpreted to be due to these putative toxic effects of the P. multocida culture, possibly compounded by the extensive inflammatory response. Microscopic lesions induced in the air sacs of turkeys by intraairsac injection with the CU strain of P. multocida in this study were similar to those in chicken air sacs following inoculation with Mycoplasma gallisepticum. Air sac lavage results in this study demonstrated a relative paucity of resident macrophages within the air and a rapid influx of inflammatory cells (predominantly heterophils) into the lumen of the air sac, which is strikingly similar to results obtained from respiratory tract lavages of chickens given either Escherichia coli or P. multocida intratracheally. 26, 28 Taken collectively, these studies support the concept that the primary response of the lower respiratory tract of avian species, particularly the air sacs, to the presence of a pathogen is exudation of heterophils. Heterophils from chickens and turkeys are capable of phagocytizing and inactivating Staphylococcus aureus, S. albus, E. coli, Serratia marcescens, Bacillus megatarium, and Candida a l b i~a n s .~,~J~J~,~~ Failure to observe phagocytosis of P. multocida by heterophils while it did occur in the small numbers of macrophages suggests that P. multocida may have antiphagocytic properties in vivo. In vitro, mononuclear phagocytes from turkeys phagocytize only small percentages of P. m u l t~c i d a~~ which the authors concluded to indicate resistance to phagocytosis. In addition, one strain of P. multocida of avian origin has been shown to produce a cell-associated protein that interferes with phagocytosis of Candida albicans by avian mononuclear phagocytes in ~i t r o ,~~ and the authors proposed that the role of this protein in vivo is to prevent uptake of P. multocida by phagocytic cells. In this study, the inflammatory response in the air sac to P. multocida appeared unable to contain the organism by phagocytosis or prevent systemic spread despite an extensive heterophil response.
Appearance of P. multocida in the circulation within a matter of hours underscores the highly invasive character of this particular organism and indicates the possible role of the air sac as a portal of entry. Proposed portals of entry into the bloodstream for P. multocida in birds are the mucous membranes of the mouth and pharynxIg and the eustachian tube.'* Although it is impossible to be completely certain that sufficient numbers of organisms were not introduced into subcutaneous tissue during the transabdominal injections, it is highly unlikely that this occurred, and the presence of P. multocida in the bloodstream was most likely due to direct invasion of the organism across the air sac epithelium into the interstitium and vasculature. Identification of bacteria in the air sac interstitium at the same time they were recovered from blood further supports the likelihood that the air sac was the portal of entry.
Elevated circulating heterophil numbers coincided with marked heterophil infiltration and exudation into the air sac. A possible reason why absolute heterophilia did not occur could be that heterophils were exiting the bloodstream into the lumen of the air sacs at approximately the same rate they were being summoned from storage pools. The lymphopenia seen in P. multocida -inoculated birds at 6 hours PI likely resulted from the systemic disease in these birds at this time and endogenous corticosteroid release. The transient anemia and heteropenia in the brain-heart-infusion broth (BH1)-inoculated turkeys (controls) has no apparent explanation. The heterophilia at 6 hours PI has been seen in previous studies following intravenous injection of BHI in turkeys (data not presented).
Although this study documents the heterophilic response to the presence of P. multocida in the turkey air sac, further work is needed to identify the role(s) of inflammatory cells, especially heterophils, in the pathogenesis of avian pasteurellosis and acute airsacculitis and to further characterize the basic defense mechanisms of the lower respiratory tract of avian species. 
